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ABSTRACT

Al Rifaie, Mohammed Jamal. M.S.M.E., Department of Mechanical and Materials
Engineering, Wright State University, 2017. Resilience and Toughness Behavior of 3DPrinted Polymer Lattice Structures: Testing and Modeling.

This research focuses on the energy absorption capability of additively
manufactured or 3D printed polymer lattice structures of different configurations. The
Body Centered Cubic (BCC) lattice structure is currently being investigated by researchers
for energy absorption applications. For this thesis, the BCC structure is modified by adding
vertical bars in different arrangements to create three additional configurations. Four
designs or sets of the lattice structure are selected for comparison including BCC, BCC
with vertical bars added to all nodes (BCCV), BCC with vertical bars added to alternate
nodes (BCCA), and BCC with gradient arrangements of vertical bars (BCCG). Both
experimental and finite element modeling approaches are used to understand the loaddisplacement as well as energy absorption behavior of all four configurations under both
quasi- static compression and low-velocity impact loadings. Once designed in SolidWorks,
all four sets of samples were prepared using Acrylonitrile Butadiene Styrene (ABS)
polymer material on a Stratasys uPrint 3D printer. The Instron universal testing machine
was used for the quasi-static loading test whereas an in-house built ASTM Standard D7136
drop tester was used to capture the impact response. For impact samples, sandwich panels
were fabricated using the 3D printed ABS lattice core structures.
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In this case, four Kevlar face sheets were attached to the lattice core structure using
a two-part epoxy adhesive. The absorbed energy was found by integrating the area under
the load-displacement curve for both compression and impact tests. To interpret the results,
Specific Energy Absorption (SEA) that is the absorbed energy over the mass, should be
considered.
Moreover, the investigation of the SEA was also performed using Finite Element
Analysis (FEA) for comparison. ANSYS Workbench was used to predict the behavior of
the lattice structures under compression load. However, Abaqus Dynamic Explicit was
used to capture the low-velocity impact response of sandwich panels with printed lattice
cores.
It is observed from both experimental and FEA data that selective placement of
vertical support struts in the unit-cell influences the absorption energy of the lattice
structures. In the compression test, the highest SEA was captured for the BCCV specimen
which has more weight when compared with the others. However, the highest SEA was
captured in impact test for the BCCA specimen.
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CHAPTER 1: INTRODUCTION
1.1 Additive Manufacturing (AM)
Additive Manufacturing (AM) which is known as 3D printing has rapidly grown in
recent years and has been widely used in many applications. There are several technologies
behind AM, but Fused Deposition Modeling (FDM) is the most used one. This technology
requires a CAD file, usually STereoLithography (STL), to build the complex models from
thermoplastic material like ABS. From the STL file, FDM creates a toolpath, and prints
the model layer by layer, as shown in Figure 1.1. The print head extrudes the filament
through the heated nozzle. The material solidifies when it reaches the tray. The structure is
built in a specific toolpath which can be set up by the commercial software. Figure 1.2
shows the most commonly used one which is the perimeter filled with 45° straight lines.
In addition, the second layer is similar but rotated by 90° [1–6].

Figure 1.1 Fused Deposition Modeling Process [7].
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Figure 1.2 Two alternative printing layers rotated by 90° [6].
Several investigations have been done on this type of toolpath and found to be
optimum for preparing strong structures. In these studies, loading was applied
perpendicular to and parallel to those layers to study the mechanical properties [6]. In this
research, Acrylonitrile butadiene styrene (ABS) has been used to create the lattice structure
by a Stratasys uPrint printer.
1.2 Cellular Structure
Cellular structure is a combination of solid material and air. These structures are
available in nature like cork and are made by conventional methods like honeycomb. In
addition, lattice structures are another type of cellular structure that can be either 3D printed
or made. Fabrication of these structure by conventional manufacturing methods is not
trivial. Lattice structures are a group of small unit cell structures arranged next to each
other over a space, as illustrated in Figure 1.3.a. They have great mechanical properties,
such as being lightweight, having high strength-to-weight ratio, and having energy
absorption capability [8]. Cellular structures can be produced by using conventional
methods including ordered and stochastic cellular structures. First, a man-made
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honeycomb is the example of an ordered cellular structure. It can be created by joining the
corrugated sheet and arranging them to build up the hexagonal shapes, as seen in in Figure
1.3.b. Secondly, stochastic cellular structures can be made more easily than ordered cellular
structures. There are several examples including metal sponges, metal foams and hollow
sphere foams. The manufacturing process of those material is produced by distributing the
voids stochastically [9].
Researchers have used several methods to create lattice structures; however, the 3D
printing method is currently being explored because of its flexible nature of fabrication. In
this study, polymer lattice structures in four different configurations have been used to
understand their behavior under compression and impact loads. In this case, Body Centered
Cubic unit cell (BCC) and its four different variations have been considered in this
research.

Figure 1.3 Cellular structures (a) Lattice Structure, (b) Man-made Honeycomb [10].
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1.3 Sandwich Structure
Sandwich Structures consist of two materials including face sheet and core. The
face sheet is usually thinner than the core, as seen in Figure 1.4. The sandwich structures
provide high bending stiffness and high strength-to-weight ratio. There are many
applications of sandwich structures including aerospace, automotive, etc. In order to get
high strength-to-weight ratio, the core should be light in weight and the skin must be much
stronger to absorb high bending loads [11] [12]. The face sheet can be made from Kevlar,
fiberglass and aramid, and the core can be a foam or honeycomb material. Material
selection depends on the application. The face sheet and the core should be bonded
together by adhesive such as epoxy resin. Even though sandwich structures have great
mechanical properties, they may become weak under certain conditions such as heat and
humidity [13]. These materials have been investigated and used in many application areas
like thermal, structural and explicit dynamic, but in this research the structure has been
investigated only under impact loads.

Figure 1.4 Sandwich Composite Structure [14].
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1.4 Energy Absorption
Energy absorbing systems are very important in many applications, such as
aerospace, vehicles and marine. For example, crashworthiness of vehicles is used to keep
passengers safe and to reduce the amount of car damage. However, reducing the structure’s
weight is very important in this field. Specific Energy Absorption (SEA), which is defined
as the absorbed energy per unit mass [15], became a very important parameter in the
mechanical field to carry out experimental and modeling studies. As shown in Figure 1.5,
the total energy absorbed, W, represents the area under the typical load-displacement curve.
𝑊 = ∫ 𝐹𝑑𝑥

(1)

𝑆𝐸𝐴 = 𝑊⁄𝑚

(2)

where F is the applied load, x is the deflection and m is the mass [16] [17] [18].
The total absorbed energy is typically evaluated by taking the difference between
the residual kinetic energy and incident kinetic energy of the impactor tip when impact test
is used [19]. In this project, the SEA was obtained by integrating the area under the loaddisplacement curve during impact. For quasi- static compression loading, the SEA was
calculated in the same manner up to the second failure of the lattice core structures because
the material starts to become solid and the structure loses its lattice configuration. This is
discussed in Chapter 6, Results. SEA was used to compare the results from the 4
configurations under quasi- static compression and low-velocity impact loadings.
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Figure 1.5 Typical load-displacement curve [16].
1.5 Material Stress-Strain Behavior
In order to compare the results between the experimental work and the modeling,
the exact material properties are very important to use in Finite Element Simulation. To
find the mechanical properties, compression and tensile tests of standard specimens were
done and stress-strain curve was obtained. From stress-strain curve, mechanical properties
were obtained and used in Finite Element Analysis (FEA) software programs which are
ANSYS workbench and ABAQUS. Also, it was important to study the behavior of the
ABS material under nonlinear analysis so that the plastic strain hardening was also
evaluated. It represents the slope of the stress-strain curve of the plastic region. There are
two types of stress-strain curve and Figure 1.6 shows the difference between the true stressstrain curve and engineering stress-strain curve [20]. In this research, the engineering
stress-strain curve was used.
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Figure 1.6 The difference between engineering and true stress-strain curve [20].
1.6 Aim and Scope
The aim of the research is to explore the energy absorption capability of lattice core
structure. The BCC unit cell and its three additional variations were chosen to study the
behavior of the structure under low-speed impact testing and quasi- static loading testing.
Four types of unit cell were designed differently. They are Body Cubic Centered unit cell
with all vertical bars (BCCV), Body Cubic Centered unit cell without vertical bars (BCC),
Body Cubic Centered unit cell with alternative vertical bars (BCCA) and Body Cubic
Centered unit cell with gradient vertical bars (BCCG). Those configurations were designed
using SolidWorks and discussed in Chapter 3, Design and Fabrication. The Quasi- static
loading test was done using an Instron testing machine under displacement control at 0.5
mm/min. Load-displacement curve was obtained to compare the results and find SEA. The
results were also compared between experimental work and modeling analysis. Moreover,
composite sandwich structures were made from Kevlar as face sheet and an ABS lattice as
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core which were used for impact testing. The obtained results were post-processed using
MATLAB to get load-displacement curve during impact. The area under the curve was
integrated to calculate energy absorption for a comparative study.
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CHAPTER 2: LITERATURE REVIEW
2.1 Introduction
In this section, the previous research is discussed to understand what has been done
in recent years in the related field. The topics discussed are compression test, composite
lattice structures, low-speed impact test, and energy absorption.
2.2 Compression Test
Many researchers have carried out compression tests to compare the mechanical
properties among different materials or geometries. However, it is important to have a
review of the compression tests which evaluate energy absorption capability. Jamian et al.
[21] studied the behavior of a hollow box under compression test to get specific energy
absorption of 5 different samples. The material was made from pure aluminum. Those
samples were fabricated by making holes in different locations distributed along the height
of the crush boxes. A Universal Testing Machine (UTM) was used to do compression tests.
Displacement control of 1.5 mm/min was performed on all samples until they reached
maximum displacement of 200 mm. The SEA was evaluated experimentally for all samples
and it was observed that the SEA depends on the distribution of the trigger holes.
Mohsenizadeh et al. [22] also studied the behavior of aluminum square tubes under the
compression test but they used 2 samples filled with conventional foams and auxetic foams
and one empty square tube sample. Their investigation was done to evaluate the maximum
capacity of energy absorption.
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Maliaris and Elias S. [23] explored the mechanical behavior of stochastic lattice
structures using compression tests. Their samples were made stochastically by using
Voronoi tessellation technique. The irregular cell geometries that are shown in Figure 2.1
were fabricated using 3D printing. Photosensitive resin material was used in this case.
Material properties were evaluated by performing a tensile test and the dimensions
obtained from ISO 527-2. In addition, they studied the effect of the porosity on the
mechanical properties. FEA models were developed to compare the results and to evaluate
Von Mises stresses. However, Carlton et al. [24] studied the heterogeneous structural
behavior of a one unit cell. The specimens were created using Selective Laser Melting
(SLM). They used different lattice topologies to study the mechanical properties and the
deformation response. Six types of single unit cells made from Ti64 alloy were tested under
compression test. Load-displacement curves were captured and compared.

Figure 2.1 Stochastic lattice structures [23].
2.3 Cellular Lattice Structure
Merkt et al. [25] created a lattice structure by using AM, particularly Selective
Laser Melting (SLM). It is done by melting the metal powder using a laser beam and
building it up layer by layer. The specimens were made from TiAl6V4. The side length of
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the cubic structure was 16 mm and the width of the single unit cell was 2 mm. However,
the wire diameter was about 350 μm. The results were compared between TiAl6V4 and
stainless steel lattice structures. Also, Sing et al. [25] explored the SLM method to create
two types of specimens including square pyramid and Truncated cube and octahedron.
There were two designs for each specimen that were different in diameter. They chose 0.6
mm and 0.8 mm for each specimen, as shown in Figure 2.2.

Figure 2.2 The fabricated specimen and CAD model [25].
Speck et al. [26] used the conventional method to build up lattice metal structures.
The deformation shaping of the hexagonal perforated sheet was performed to create the
core structures, as seen in Figure 2.3. Due to the restriction on the material fluidity during
deformation, metal was a good choice for this fabrication method. The sheet of 304
stainless steel (SS) was selected to fabricate the tetrahedral lattice structures. The SS face
sheets were joined to the lattice core using a transient liquid phase approach. The core was
coated with polymer based cement and Ni-25Cr-10P braze alloy powder. Then the
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sandwich was heat treated in a vacuum. This was to enhance the mechanical properties like
improving joint ductility. The results were compared with aluminum honeycomb structure.

Figure 2.3 Fabrication of tetrahedral lattice core [26].
Furthermore, Gümrük et al. [26] carried out static mechanical behavior of the
micro-lattice structure. Figure 2.4 illustrates the configurations which have been used in
their study, and they are BCC, BCC with vertical bar (BCCZ), and doubled BCC (F2BCC).
The 316L SS lattice structures were fabricated using the SLM process. They did several
tests, namely compression tests, shear tests, combined loading tests and tensile tests to
study static mechanical properties and failure mechanics.
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Figure 2.4 Micro-lattice structure configurations [26].
2.3 Low-Speed Impact Test
St-Pierre et al. [27] performed a low-speed impact test on Y-frame and corrugated
sandwich beams. The core and 0.3 mm face sheets were made from AISI 304 SS. They
used two boundary conditions (BC) on the sandwich beam, which are simply supported
and clamped the BCs, as shown in Figure 2.5. In the simply-supported BC, the projectile
weight was 2 kg, and it was 3 kg in the clamped BC. This is because more energy level
was required in the clamped BC than in the simply supported the BC. Transparent tube was
used to guide the cylindrical impactor to the sandwich beam. The projectile hit the
sandwich beam from a height of 1.3 m. They attached a piezoelectric load cell onto the
roller to calculate the transferred load to the sandwich beam. To plot load-displacement
curve, a high-speed camera was used to find the deflection of the roller. They used an FEA
model to compare the results with experimental data. The low-velocity impact test and
quasi loading test were included in one graph along with the FEA results.
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Figure 2.5 BCs of the low-velocity impact test [27].
Farooq et al. [28] explored low-velocity impact test on 24-Ply composite structure
of carbon fiber-reinforced. They used two types of the impactor which are flat and rounded
nose impactors. The impact test was carried out using INSTRON™ 9250HV. Clamped
BC was used to hold the specimens. There are two guide bars to align the impactor directly
down into the specimen and the height was adjusted to impact the specimen with different
velocities (1.5-5 m/s). Also, the machine could carry some weights to adjust the energy
level. To predict the area damage, they did C-scanning for both impacted specimens by flat
and rounded nose impactors. Using rounded nose impactors showed that the behavior of
the impact was almost steady and there was no elastic energy. In contrast, using flat nose
impactor showed that the energy level has changed substantially. To compare the results,
Load-Deflection curve was obtained. They developed FEA model using commercial
software ABAQUS™/Explicit dynamics to compare the results to those specimens of
experimental work. Also, they studied failure theories to compare the results, including
Tsai-Hill & Tsai-Wu failure criteria and Hashin’s failure criteria. Finally, they used
14

MATLAB code to predict the failure with numerically integrated in-plane stresses. This
was to calculate through-thickness stresses, which were then be used in Hashin’s failure
criteria.
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CHAPTER 3: DESIGN AND FABRICATION
3.1 Overview.
In this chapter, the design of the lattice core specimens is discussed for both impact
and compression tests. SolidWorks©, a Computer Aided Design (CAD) software, was used
to design the specimens. For impact test, the composite structures were designed and

fabricated. The face sheets were made from Kevlar with 4 layers. The fabrication of Kevlar
face sheets is also explained in detail. Furthermore, tensile and compression tests were
performed using the standard samples to obtain the material properties of ABS. The
dimensions of standard samples are discussed in detail.
3.2 Compression Test Specimen.
As previously stated, four different lattice structure configurations were considered
for this study to capture the differences in energy absorption capability. They are the BCC,
BCCV, BCCA, and BCCG and they have weights of 3.0 grams, 3.9 grams, 3.1 grams and
3.4 grams, respectively. They were designed by using SolidWorks. The dimensions of a
single unit cell are 5 mm x 5 mm x 5 mm and the overall dimensions of the structure are
25 mm x 25 mm x 20 mm in thick. The diameter of the truss elements is 1 mm. However,
it was observed that the diameter changed to be about 1.1 mm after printing. The total
number of the unit cells for each structure is 100. There are 4 unit cells copied in zdirection, and 5 unit cells copied in x and y-directions.
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Many researchers have used a BCC unit cell and developed scalable structure. For example,
Shen et al. [29] studied the performance of a BCC unit cell based structure.

Figure 3.1 (a) BCC unit cell, (b) Side view of BCC lattice structure and (c) 3D view of
the BCC lattice structure.
In this research, the BCC unit cell has also been explored and used as a reference
or control structure. Figure 3.1a shows the BCC unit cell and Figures 3.1b and 3.1c show
the overall geometry of a BCC lattice structure. Adding vertical strut to the BCC lattice
structure increases the strength of the structure. The BCC structure can be modified to be
a BCC with all vertical bars (BCCV), as shown in Figure 3.2. The isometric view of lattice
structure is shown in Figure 3.2a and the side view of this structure is shown in Figure 3.2b.
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This modification significantly shows the higher strength of the BCCV. The vertical bars
have a diameter of 1 mm, and they are vertically connecting the nodes of all unit cells.

Figure 3.2 (a) 3D view of BCCV lattice structure and (b) side view of BCCV lattice
structure.
Another specimen is BCC with alternative vertical bars (BCCA). Figure 3.3a shows
the isometric view of BCCA lattice structure. It has alternating vertical struts located in
between the first and second layers of the unit cells. Those bars are patterned in the xyplane and then mirrored over the top plane, as shown in Figure 3.3b.

Figure 3.3 (a) 3D view of BCCA lattice structure and (b) side view of BCCV lattice
structure.
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Finally, gradient vertical bars (BCCG) introduce a new type of BCC. In this one,
the vertical struts are distributed linearly in the thickness direction. At the bottom, there are
36 vertical struts and the number of vertical struts is being reduced at the next layer of unit
cells and so on. At the top, there are only 4 vertical struts. Figure 3.4a shows the isometric
view of BCCG lattice structure and Figure 3.4b shows the side view of BCCG lattice
structure.

Figure 3.4 (a) 3D view of BCCA lattice structure and (b) side view of BCCV lattice
structure.
3.3 3D Printer
A Stratasys uPrint SE plus 3D printer was used to print the lattice structure, as seen
in Figure 3.5. The layer-thickness capability of this printer is 0.33 mm. It uses FDM to
build up the model. It has a limited space of 200 mm x 200 mm x 150 mm. The temperature
of the printer head reaches to 300 °C, and the chamber temperature is about 77 °C. Those
temperatures were set as default settings. The time required to print a compression test
specimen is about 2 hours; however, an impact test specimen takes around 7 hours. An
ivory-colored production-grade thermoplastic (ABSplus-P430) is the model material used
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by this printer [30]. To process STL file, CatalystEX software provided by Stratasys was
used.

Figure 3.5 Stratasys uPrint SE plus 3D printer.
After printing the model, there is some support material. The amount of support
material depends on the geometry. For example, the specimen with all vertical will not
have support material except for base support. To remove support material, chemical
solvent should be used. The chemical bath, support cleaning apparatus shown in Figure
3.6, by Stratasys is used. The required time to remove this material is about 4 hours. It is
recommended to use safety glasses and gloves while using the chemical bath. After
removing the material, the model should be washed with water at room temperature [31].
The structures with support and without support are shown in Figure 3.7a and Figure 3.7b,
respectively.
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Figure 3.6 Support cleaning apparatus.

Figure 3.7 (a) BCC structure with support material, and (b) BCC structre after removing
support material.
3.4 Low-Velocity Impact Specimen
For the impact test, the core of the sandwich specimens is like those for
compression specimens but the overall dimensions are 50 mm x 50 mm x 20 mm. The
dimensions were derived from the ASTM Standard D7136/D7136M-15 [32]. The impact
machine was designed and fabricated by Turner [33], which is explained briefly in Chapter 4,
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Design and Fabrication. The sandwich composite structure used in the impact test have the
face sheets that were made from Kevlar.

3.4.1 Kevlar
The face sheets consist of 4 layers of Hexcel Composites' K285-38"-F161 Kevlar
fabric. The type of Kevlar is Kev. 49 1140 fiber with a crowfoot weave. It has been preimpregnated, pre-preg, with laminate-grade epoxy resin. Pre-preg is good for reinforcing
the Kevlar. Table 1 shows the mechanical properties of dry Kev. 49 at 24 °C [34].
Table 1: Mechanical properties of Kevlar fabric at 24 °C
Kevlar

Kev. 49

Tensile
Modulus
(GPa)
26.5

Tensile
Strength
(MPa)

Compression
Strength
(MPa)

428

308

Resin Fracture
Toughness
(MPa.√𝒎)
0.433

The cure cycle of the Kevlar consists of three stages which are heat-up, hold and
cool down. Figure 3.8 shows a hot press which was used for the cure cycle that bonded
the 4 layers of the Kevlar all together. Four ply Kevlar was lubricated with silicone oil and
covered with aluminum foil before putting in the hot press. It was held under pressure of 3
metric tons for 3 hours at 220 °C. After 3 hours at 220 °C, the Kevlar was kept in the hot
press under pressure until it reached room temperature. Figure 3.9 shows the process of
making the 4 layers of Kevlar face sheets. Finally, the face sheet had dimensions of 105
mm x 105 mm x 0.86 mm, and it was equally cut into 4 pieces. A microscopic side view
picture of a 4 ply Kevlar face sheet is shown in Figure 3.10. It shows also that the four
layers of Kevlar were bonded and cured very well.
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Figure 3.8 Hot press.

Figure 3.9 (a) 4 ply Kevlar before compression, (b) 4 ply Kevlar covered by aluminum
foil, (c) compressed 4 ply Kevlar covered by aluminum foil, and (d) cured 4 ply
Kevlar.
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Figure 3.10 Microscopic picture of 4 ply Kevlar face sheet from edge.
3.4.2 Composite Sandwich Structure Fabrication.
The composite sandwich structure consists of the lattice core structure and the
Kevlar face sheet. To adhere the face sheet to the core, Loctite® Epoxy Heavy Duty
adhesive was used. It is a two-part material that are an epoxy resin and a hardener. They
should be mixed in an equal amount. After 5 min of reacting between resin and hardener
at room temperature, they give a tough, rigid, and high strength structure. Figure 3.11a
shows the mixture of resin and hardener before the face sheet was attached to the core.
After they have been attached together, it is recommended to put the composite structure
under a weight of 3-4 kg for 24 hours to make sure that the face sheet is completely adhered
to the core. Figure 3.11b shows the completed sandwich lattice structure. The total mass
of the BCCV composite structure was about 21 grams including the masses of Kevlar face
sheets and epoxy resin. BCC composite structure had the total mass of 18.4 grams. The
total masses of BCCA and BCCG composite structures were approximately 19.4 grams
and 19.6 grams, respectively. The approximated amount of the epoxy resin was 2.1 g. The
Kevlar face sheets had a mass of 2.5 grams.
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Figure 3.11 (a) Kevlar face sheet with epoxy resin, and (b) BCCV composite sandwich
structure.
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CHAPTER 4: EXPERIMENTAL WORK
4.1 Material Properties.
The material properties of ABS are shown in Table 2 which was taken from
Stratasys [35]. However, these properties might change after printing. There are several
reasons behind that, such as printing conditions, type of toolpath, layer thickness, and
porosity. In this research, standard compression test and standard tensile test were
performed. Stress-Strain curve was obtained from both tests to evaluate material properties
such as modulus of elasticity, plastic strain hardening, ultimate tensile strength, ultimate
compressive strength, etc. Those properties are used in Chapter 5, Modeling.
Table 2 Mechanical properties of ABS.
Tensile
Modulus

Ultimate
Tensile
Strength

Yield
Tensile
Strength

Elongation
at Yield

Elongation
at Break

Izod
Impact,
Notch

2.2 GPa

33 MPa

31 MPa

2%

6%

106 J/m

4.1.1 Test Specimen
A test specimen ASTM D695, ISO 604 was used in the compression test. However,
a test specimen ASTM D882 was used for tensile test. The dimension was chosen to be
less than the standard specimen to save time and material. Figure 4.1 shows the
compression and tensile test specimens. The Specimens were designed by SolidWorks and
were printed by Stratasys.
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Figure 4.1 (a) Compression test sample, and (b) tensile test sample.
4.1.2 Build Orientation.
Build orientation has an influence on the mechanical properties. There are three
types of orientations which are upright, on-edge and on-flat, as shown in Figure 4.2. Also,
loading direction plays an important role in those orientations. For upright orientation, the
loading direction is perpendicular on the printing layers. For on-edge and on-flat
orientations, the loading direction is parallel to the printing layers. However, the difference
between on-edge and on-flat is in the number of the printing layers. The on-flat orientation
has fewer numbers of printing layers than the on-edge orientation. Figure 4.3 shows the
loading direction and microscopic cross section view of each orientation.

Figure 4.2 Build orientations.
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Figure 4.3 (a) Tensile test specimen. Microscopic side view
(section A-A) images of (b) upright specimen, (c) on-edge
specimen, and (d) on-flat specimen.
4.1.2 Stress-Strain Curve.
Three specimens were investigated for each test to consider the uncertainty of the
data. The mechanical properties were obtained by taking the average of the three
specimens. Figures 4.4-4.7 shows the stress-strain curves for flat orientation tensile test,
on-edge orientation tensile test, upright orientation tensile test, and compression test,
respectively. Instron 5500 R was used to perform tensile tests and compression tests. The
data were captured by Bluehill2, an industry-leading software, and saved in an excel file
with around 3000-5000 readings. Load-displacement curves were plotted and then
converted to a stress-strain curve. The stress is defined as applied force per unit cross
sectional area and the strain is defined as deformation per unit original length.
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Figure 4.4 The stress-strain curves for flat orientation tensile test specimens.

Figure 4.5 The stress-strain curves for on-edge orientation tensile test specimens.
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Figure 4.6 The stress-strain curves for upright orientation tensile test specimens.

Figure 4.7 The stress-strain curves for compression test specimens.
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Upright orientation printing provides brittle nature of the material as shown in
Figure 4.6. This is because the loading direction is perpendicular to the printing layers.
Unlike on-flat and on-edge orientations, the layers of upright orientation separate without
having elongation. The ductility of on-flat orientation is more than on-edge orientation
even if their force is parallel to the printing layers. The reason is that on-flat orientation has
fewer printing layers but larger area, unlike on-edge orientation. This makes the printing
layers of on-flat orientation to have a larger elongation. The results of each of the three
specimens were almost related to each other which means the printing and testing
conditions were reliable. Table 3 shows the mechanical properties of each test which were
tensile and compression tests. Modulus of elasticity, Young’s modulus, was obtained by
calculating the slope of the elastic region. Plastic strain hardening is the slope of the plastic
region, starting after yield point. The average (Avg.) value of each mechanical property
was obtained and shown in the table. Those properties were used in ANSYS and ABAQUS
to do nonlinear FEA analysis.
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Table 3 Mechanical properties of tensile tests and compression test.
Test
Type

Modulus
of
Elasticity
(MPa)

Tensile
on-flat
SPEC

307.23
353.73

Tensile
on-edge
SPEC

Tensile
upright
SPEC

Plastic
Strain
Hardening
(MPa)

Avg.
(MPa)

15.91
359.00

21.13

Ultima
te
Stress
(MPa)

Avg.
(MPa)

21.90
17.26

20.20

Yield
Stress
(MPa)

20.06

19.50

14.75

20.70

20.20

506.30

327.63

25.99

11.40

488.13

506.78

352.94

330.10

26.17

25.90

10.00

525.90

309.73

25.56

8.20

330.81

-

16.85

-

338.22

-

-

16.50

16.47

-

325.27

-

16.06

-

860.53

11.38

30.91

29.11

859.87

861.59

864.35

9.28

9.38

7.48

30.63
28.80

Avg.
(MPa)

21.00

408.51

358.59

Compre
ssion
SPEC

Avg.
(MPa)

30.11

29.14

20.23

9.87

-

29.00

28.75

4.2 Compression Testing.
Four designs of polymer lattice structure were tested using Instron 5500 R,
universal testing machine, which has a maximum load capacity of 150 KN [36]. Figure
4.8 illustrates this testing machine. It has an industrial software which is Bluehill2. This
software is provided by Instron which can post-process the data. The data were saved in an
excel file which has load and deformation results. Load-displacement curves can be plotted
using an excel file. As mentioned, each configuration has three specimens to consider the
uncertainty.
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Figure 4.8 INSTRON universal testing machine.
A Quasi-static compression test was performed on the specimens under
displacement control of 0.5 mm/min. The specimens were compressed up to 12 mm crush
length, which is 60% of the total height. The specific energy absorption (SEA) was
calculated from the load-displacement curve. It is defined as the area under the loaddisplacement curve divided by the sample mass. To calculate that area, the cumulative
trapezoidal integration was implemented using an excel worksheet. The boundary
condition was set to be free-free but it was observed that the behavior of the bottom was
almost fixed and the top was free for all specimens, as shown in Figure 4.9. The observation
of boundary condition has been captured using Time-Lapse video. The process of crushing
with load-displacement curve for each configuration is discussed and shown in Chapter 6,
Results. The upper push rod which pushes the top face of the specimen very slowly is made
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from stainless steel to avoid friction. However, the base has a rough surface which makes
the bottom face of the specimen fixed. Also, the applied load was continuously crushing
and keeping the bottom face immobile.

Figure 4.9 Boundary conditions and loading condition of compression test.
4.3 Low-Velocity Impact Testing.
Figure 4.10 shows ASTM Standard D7136/D7136M-15, low-velocity impact
testing machine [32][33]. It has two guide bars to make sure that the impactor hits the
specimen at the center. An impactor assembly drops from a height of 0.6215 m. The
impactor reaches the specimen with a velocity of 3.492 m/s.
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Figure 4.10 Low-velocity impact testing machine.
In this research, the energy level of the impactor assembly was adjusted to 14.85
Joule. To achieve this energy, the impactor assembly should have a mass of 2.36 kg. It was
calculated from the kinetic energy (KE) just before the impactor hits the specimen.
KE = ½ mv2 (Joule)

(3)

where m is the mass of the impactor assembly and v is the velocity. Assuming the friction
of the guide bars is negligible, the velocity can be calculated from kinetic energy and
potential energy (PE). That means KE is equal to PE.
PE = mgh (Joule)

(4)

where g is the gravitational acceleration and h is the height. By equating equations (3) and
(4), the velocity becomes as seen in equation (5)
v = √2𝑔ℎ (m/s)
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(5)

This machine has 4 load cells, Dytran 1051V5 IEPE, to evaluate the load during
impact as shown in Figure 4.11. To evaluate the absorbed energy, displacement is also
needed. It can be calculated by integrating the measure acceleration twice over time. The
accelerometer sensor that is attached to the impactor assembly measures the acceleration
history. Furthermore, the velocity was calculated by taking the integration of the
acceleration over time.

Figure 4.11 Locations of four load cells of the impact machine.
The data were transferred and post-processed using MATLAB code which was
developed by Turner [33]. MATLAB code can create six plots which are load history,
acceleration history, velocity history, displacement history, load-displacement curve, and
energy absorption history. This code cannot give the results directly because the time is
different from one specimen to another. The impact period should be evaluated and isolated
manually in MATLAB. The entire impact time should be captured and then the impact
period can be obtained from load history and acceleration history. Usually, the entire
impact time is 5-9 s and the impact period is about 5-6 ms. During the impact period, the
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specimen deforms elastically and plastically. Some unit cells are going to collapse and the
others are going to deform elastically only. It depends on the location of the unit cells
whether they are within the impact region or not. The boundary condition of the specimen
is clamped to a body fixture using a toggle clamp, as shown in Figure 4.12a. A body fixture
which clamps the specimen is shown in Figure 4.12b. The Impactor Assembly is shown in
Figure 4.13.

Figure 4.12 (a) The toggle clamp and (b) body fixture.

Figure 4.13 The impactor assembly of the impact machine.
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CHAPTER 5: FEA MODELING
5.1 Meshing
Meshing is very important to get an accurate result in FEA models. To achieve high
approximated results, mesh convergence was studied in this research. This study was done
on one configuration to reduce time. Also, all specimens had identical unit cell size and the
meshing size was compatible with all of them. Mesh convergence was performed by
monitoring reaction force while changing total number of elements. A displacement of 2
mm was applied on the top surface of the model each time of running the ANSYS. The
result of reaction force was observed each time and is shown in Figure 5.1. The mesh size
was chosen to be 0.35 mm with about 500,000 elements, as shown in a discretized model
in Figure 5.2.

Figure 5.1 Mesh convergence study of BCC structure.
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Figure 5.2 The discretized ANSYS model for a BCC configuration.
5.2 Quasi-Static Compression Loading
A student version of ANSYS workbench was used to model the quasi-static
compression test. Static structural analysis was applied on the four configurations. The
element type used for the model is Tetrahedrons with about 510,000-650,000 elements.
The material properties were taken from Table 3 of ABS material to get accurate results.
Also, the wire diameter of unit cells was modified to be 1.1 mm, the same as the printed
specimen. The time required to accomplish the analysis was about 30 min - 45 min. The
boundary condition was selected to be similar to the experimental test which is fixed-free.
Figures 5.3 illustrates the boundary conditions of the four configurations.
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Figure 5.3 boundary conditions of (a) BCC structure, (c) BCCA structure, (d) BCCG
structure and (d) BCCA structure.
To evaluate energy absorption, an excel worksheet was used to calculate the area
under the load-displacement curve. A load-displacement curve of each configuration was
obtained up to the first layer failure and compared with experimental results. The compared
results were reasonable and they are explored in Chapter 6, Results.
5.3 Low-Velocity Impact Test
ABAQUS Explicit, a finite element analysis (FEA) software, was used to model a
low-velocity impact test. Dynamic explicit analysis was used in this case. The element
type of the lattice structure model and the 4 ply Kevlar model was considered to be
quadratic tetrahedrons (C3D10M) with a size of 0.3 mm while the impactor tip was
modeled with quadrilateral element (R3D4). The total number of elements is about
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300,000-400,000. Figure 5.4 shows the element size of the impactor tip, Kevlar face sheets
and the ABS lattice core structure. The material properties of ABS were also taken from
Table 3. However, the mechanical properties of the Kevlar face sheets were taken from the
Hexcel website [34]. A quarter model was chosen to reduce the computation time. The
total time needed to complete the solution was approximately 7 hours.

Figure 5.4 Discretized ABAQUS quarter model for impact loading.
Clamped boundary condition, which is similar to the experimental test, was used in
this analysis. As shown in Figure 5.5., the bottom surface of the model is totally fixed. The
outer sides of the Kevlar face sheets were also fixe. Also, symmetric boundary condition
was applied on the two symmetry sides of the quarter model including the sides of Kevlar
face sheets and the lattice core structure.
Load history, acceleration history, velocity history, displacement history, and
absorption energy history were obtained from ABAQUS. The data were processed in an
Excel Worksheet and compared with experimental results as explained in Chapter 6,
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Results. MATLAB code was used to evaluate the area under the load-displacement curve.
That area represents the absorption energy which was plotted against time.

Figure 5.5 Boundary conditions and symmetry Boundary Conditions.
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CHAPTER 6: RESULTS AND DISCUSSION
6.1 Overview
This section presents the experimental work and the FEA results. Loaddisplacement curve is very significant in this section to evaluate the absorbed energy or the
SEA. Twelve specimens were used for each test including compression test and impact
test. The specimens are the BCC, BCCV, BCCA and BCCG lattice structures, as previously
mentioned. The comparison of the results was based on the SEA. In all the tests whether
experimental or FEA, load-displacement curves were obtained and used for comparison.
Furthermore, the comparison between the 3 specimens of the same configuration of the
experimental tests were taken into consideration.
6.2 Quasi-Static Compression Test.
The load-displacement data obtained from Instron were used for further processing.
Bluehill2 software is able to convert the test data into an excel worksheet. The collected
data from the experimental tests were about 14,000 readings. The data were integrated
using the trapezoidal rule to determine the absorbed energy. It should be noted that the
SEA was calculated at 3 points which are the points at the start of first layer failure, at the
end of first layer failure and at the end of second layer failure. Each graph shows multiple
failures because the load was rising again when the first layer of lattice unit cells collapsed.
This happened for all the 12 specimens which led to the conclusion that the test results are
acceptable.
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The load-displacement-curves from ANSYS Workbench were recorded up to yield
point or to the first layer failure. In this case, the comparison of SEA between the FEA and
the experimental results was calculated up to the start of first layer failure. This result is
nothing but an indicator of resilience of the structure. In ANSYS, the failures of the unit
cells could not be captured because of the limited capacity of the ANSYS student version.
However, the comparison was just for checking how the FEA is useful for further studies
in this field.
6.2.1 Experimental Results.
6.2.1.a BCCV Configuration.
For each configuration, three specimens were plotted in one graph to show the
effect of the uncertainty. The load-displacement curve for the BCCV specimen is shown
in Figure 6.1. For each configuration, all three samples behave similar up to the start of
first failure. However, when the failure started, the behavior was a little bit different for
each sample as it is clear from Figure 6.1. For example, specimens 1 and 3 had
approximately the similar behavior up to second failure. Specimen 2 behaved slightly
differently after the deformation reached 2 mm. This may happen due to the initiation of
the failure. There might have been a weak strut in some locations which led to this kind of
behavior. The first failure of the unit cells started at a deformation of approximately 1.33
mm and it ended at about 2.6 mm. Moreover, the second failure of the unit cells started at
a deformation of roughly 3.85 mm. It is hard to specify the end of the second failure
because there were many broken cells which gave different deformations. Also, the
specimens almost became a solid material after approximately 6 mm of the deformations.
As shown in Figure 6.1, the load was increasing and was not going to drop if the test didn’t
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stop. This was because there were no more layers of unit cells to collapse. The maximum
load was about 3300 N and it was the highest load among the 4 configurations. Figure 6.2
shows the load-displacement curve till the start of first failure for the BCCV configuration.
This specimen had an average weight of 3.9 grams. The specific energy absorptions (SEA)
for specimens 1, 2 and 3 till the start of first failure are 436.7 J/kg, 454.3 J/kg and 435.3
J/kg, respectively. The average SEA for this configuration is 442.1 J/kg till the start of first
failure. The SEAs till the first failure and the second failure are discussed in section 6.2.3,
Comparison of Experimental and FEA Results.

Figure 6.1 Load-displacement curve of compression test for BCCV.
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Figure 6.2 Load-displacement curve of compression test for BCCV till the start of 1st
failure.
6.2.1.b BCC Configuration.
The BCC specimens which do not have any vertical bars obviously had a load at
yield point less than the BCCV specimens. The maximum load is around 550 N, as shown
in Figure 6.3. However, those specimens have more overall deformation than the BCCV,
as seen from the load-displacement curve. The yield point is at a deformation of 1.7 mm.
Also, they have two failure stages, but the second failure has a force less than the first
failure. The first stage of failure is between 1.7 mm and 3 mm. The second stage of failure
has scatter data which made it unclear to decide the failure region. This is due to the
behavior of the broken cells. After a deformation of 6 mm, there would be no more cells to
collapse and the load would keep increasing. Specimens 4 and 5 nearly follow the same
trend line, but specimen 6 is a little bit off after yield point. It has a maximum force of 490
N which was less than specimen 5 and 6.
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Figure 6.3 Load-displacement curve of compression test for BCC.
The load-displacement curve till the start of first layer failure for the BCC
specimens is shown in Figure 6.4. BCC configuration had an average weight of 3.0 gram.
SEA for specimens 4, 5 and 6 till the start of first layer failure are 166.75 J/kg, 172.76 J/kg
and 161.00 J/kg, respectively. The average SEA of the BCC configuration is 166.84 J/kg
till the start of first layer failure. The graph shows that the results are not significantly close
to each other among the 3 samples as compared with the BCCV configuration.
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Figure 6.4 Load-displacement curve of compression test for BCC till the start of 1st
layer failure.
6.2.1.c BCCA Configuration.
It is clear from the results for BCC and BCCV that adding vertical bars to the BCC
lattice structure increases the maximum failure load. For BCCA configuration, it is
observed that the maximum failure load is about 1000 N (Figure 6.5) which is almost
double than the BCC specimens. The vertical bars have a great effect on the peak failure
load of lattice structure. Also, three failure stages clearly can be seen in Figure 6.5. The
first failure starts at 1.5 mm and ends at 2.7 mm. The second failure starts at 4 mm and
ends at 5 mm. The third failure starts at 6.6 mm and ends at 8.5 mm. The failure stages
evaluated for specimens 7, 8 and 9 were approximately computed. For the BCCA
specimen, it was hard to decide where all the unit cells layers completely collapsed.
However, the load keep increasing after 8 mm, which can prove that the unit cells layers
collapsed and behaved as a one solid part with no unbroken cells.
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Figure 6.5 Load-displacement curve of compression test for BCCA.
Figure 6.6 shows the load-displacement curve till the start of first layer failure
for the BCCA configuration. The average weight of this configuration was 3.1 grams.
The specific energy absorption for specimens 7, 8 and 9 till the start of first layer failure
are 308.08 J/kg, 290.25 J/kg and 269.27 J/kg, respectively. The average SEA of the
BCCA configuration is 289.20 J/kg till the start of first layer failure.
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Figure 6.6 Load-displacement curve of compression test for BCCA till the start of 1st
layer failure.
6.2.1.d BCCG Configuration.
Finally, the forth specimen was the BCCG which had vertical bars with a gradient
distribution. The load-displacement behavior of this type of specimen is different from the
others as shown in Figure 6.7. The maximum load is observed at a deformation of 3.65 mm
where the second failure started, unlike the others and it is more than 1000 N; however, it
is about 900 N at the start of the first failure. This happened because the first layer of the
unit cells from the top had a fewer number of vertical bars than the bottom layers. The first
layer of unit cells from the top is similar to the one of the BCCA which was expected to
have the same maximum load for both at the first failure point. The load keeps increasing
after 4 mm unlike the other samples. This was because the upper push rod reached to a
layer which had many vertical bars. The force increases significantly more than the other
samples, as shown in Figure 6.7. These specimens also have two stages of failure. The first
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stage begins at 1.5 mm and the force starts to increase after 2 mm. When it reaches 3.6 mm,
the second failure starts. After about 1 mm of failure stage, the load starts to increase again.
The second stage of failure happened earlier than the others.

Figure 6.7 Load-displacement curve of compression test for BCCG.
Figure 6.8 shows the load-displacement curve till the start of first layer failure for
the BCCG configuration. The average weight of this configuration was 3.4 grams. The
specific energy absorption for specimens 10, 11 and 12 till the start of first layer failure are
144.12 J/kg, 133.55 J/kg and 118.19 J/kg, respectively. The average SEA of the BCCG
configuration is 131.99 J/kg till the start of first layer failure. The results of the 3 specimens
are less accurate than the others. This happened because the upper unit cells didn’t have a
support like those in the BCCV configuration.
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Figure 6.8 Load-displacement curve of compression test for BCCG till the start of 1st
layer failure.
6.2.2 FEA Results
It is mentioned earlier that ANSYS workbench was used to compare the FEA
results with the experimental results. The compared results were obtained till the start of
first layer failure. Load-displacement curve was evaluated using structural analysis in
ANSYS. Excel worksheets were used to evaluate the area under the curve (AUC) which is
the absorbed energy. All the tests were done using the same test conditions and material
properties to have a good estimation for comparison. Figure 6.9 shows the loaddisplacement curve for 4 configurations. The SEA of the BCCV configuration was
calculated to be 458.07 J/kg. Also, BCC configuration had a SEA of 153.93 J/kg and the
SEA of the BCCA configuration was 248.8 J/kg. However, the BCCG configuration had
an SEA of 110 J/kg. Obviously, the BCCV configuration had the maximum load among
the all configurations. Even if the BCCG had more weight than the BCC, the SEA of the
BCC is greater than the SEA of the BCCG. This is because it depends on the structure

52

design, not on the weight. The more optimized structure can absorb more energy with
lighter weight. However, the vertical bars could have a significant effect on the SEA if
positioned very well, as shown in the BCCV configuration.

Load-Displacement Curve till the Start of 1st Failure
ANSYS Results - Compression Test
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Figure 6.9 Load-displacement curve of compression test for ANSYS model till the
yield.
6.2.3 Comparison of Experimental and FEA Results.
The comparison was done on the load-displacement curve and the SEA for each
configuration. Also, a summary of all the results is shown in Table 4 to have a better
understanding of the comparison. Figure 6.10 illustrates the load displacement curve of the
BCCV from experimental and ANSYS results. It was expected to see this difference
between the ANSYS and the experimental results. However, they have approximately the
same slope before the yield point. The yield point of the FEA is slightly less than the
experimental yield point. The comparison of the BCC configuration is shown in Figure
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6.11. It is observed that the slope of the FEA is moderately less than the slope of
experimental data but the yield point of the FEA is greater than the experimental one.
Furthermore, the BCCA configuration of the FEA have a slightly lower yield point and
slope compared with the experimental data (Figure 6.12). Finally, the BCCG configuration
shows a better matching of yield point between the FEA and the experimental data. The
slopes are somewhat close to each other, as shown in Figure 6.13. Table 4 shows the
comparison of the specific energy absorption (SEA) between the ANSYS and the
experimental tests. The unit of the SEA is in SI units which is Joule per Kilogram (J/kg).
For each experimental test, the average value of the SEA was obtained for the comparison.
For experimental tests, three SEAs were calculated till three points. They were calculated
till the start of first layer failure, till the end of first layer failure and till the end of second
layer failure.

Figure 6.10 Load-displacement curve of compression test for the BCCV of ANSYS
models and the experimental samples.
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Figure 6.11 Load-displacement curve of compression test for the BCC of ANSYS
models and the experimental samples.

Figure 6.12 Load-displacement curve of compression test for the BCCA of ANSYS
models and the experimental samples.
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Figure 6.13 Load-displacement curve of compression test for the BCCG of ANSYS
models and the experimental samples.
Table 4 Comparison of the ANSYS results and experimental results.

Config. ↓

ANSYS
Results
SEA (J/kg)
Till the start
of 1st layer
failure

BCCV
3.9 g
BCC
3.0 g
BCCA
3.1 g

BCCG
3.4 g

Experimental Results
SEA (J/kg)

Percent
Variation

Till the end of
1st layer
failure

Till the end of
2nd layer
failure.

At the start of
1st layer
failure

1121

2980

Till the start
of 1st layer
failure
436.7

458.1

153.9

248.8

110.0

454.3

442.1

1173

1149

2777

435.3

1153

3145

166.7

385.7

626.9

172.8

166.8

430.6

398.6

680.1

161.0

379.5

591.4

287.7

550.0

928.7

288.8

281.5

649.2

562.7

1125

267.4

489.0

833.4

130.7
133.6

297.6
383.1

843.5
942.8

118.2

127.5

306.0
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328.9

854.5

2968

4%

632.8

8%

962.6

14%

880.6

14%

A structural stiffness, which is an indicator of structural resilience, was also
obtained for comparison. The stiffness obtained from the experimental measurements appears
to be similar to that from the ANSYS models, as listed in Table 5. The highest value of the
stiffness is observed to be for BCCV in the elastic region. The second highest stiffness is for
BCCG which have the lowest SEA. The average specific stiffness from experiment along with
the FEA results are also listed in the table. Moreover, the failure load at first peak is listed in
the table. The load at the start of first occurrence of failure is observed to be for BCCV
configuration. To compare the results of SEA between ANSYS and experiment, a bar chart of
both of them is shown in Figure 6.14. The FEA predicted SEA in the elastic region matches
reasonably well with experiment. Also, the bar chart of experimental SEA is calculated up to
three points, as shown in Figure 6.15.

Table 5 Comparison of average stractural stifness and failure load in the elastic region.
Experimental
Load Failure at
1st Peak

ANSYS Load
Failure at 1st
Peak

Experimental
Results Stiffness,
K

(N)

(N/kg)

(N)

(N/kg)

(N/m)

(N/kg.m)

(N/m)

(N/kg.m)

BCCV
3.9 g

3345

858

2789

715

4.22

1.08

4.17

1.07

BCC
3.0 g

520

173

567

189

0.48

0.16

0.41

0.14

BCCA
3.1 g

990

319

907

292

0.92

0.30

0.78

0.25

BCCG
3.4 g

890

262

819

241

1.16

0.34

1.0

0.33

Config.
with
mass ↓
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ANSYS Results
Stiffness, K
(N/mm)

Figure 6.14 Bar chart of SEA for both ANSYS and experimental results.

Figure 6.15 Bar chart of experimental SEA till three points.
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Figure 6.16 shows the comparison of load displacement curves among all the
configurations. One specimen was selected for the comparison for each configuration. The
selected specimens were chosen based on the time-lapse recorded video which shows the
compression process of each specimen in Figures 6.17-6.20. They illustrate the
deformation of the experimental tests. The BCCV showed that the failure started at the first
layer and the last layer but the most damage was observed at the first layer. It looked like
all the layers of BCC started to collapse at the same time. This is because they didn’t have
any vertical bars. Unlike the BCC configuration, the BCCA configuration started to fail at
the middle layer. This layer was weak because there were no vertical bars. However, the
failure started from the top layers of the BCCG configuration. It was expected since there
were fewer vertical bars than the bottom layers. Figure 6.21 shows the deformed shape
from ANSYS Workbench FEA till the yield point.

Figure 6.16 Comparison of load-displacement curve for 4 configurations under
compression test.

59

Figure 6.17 Compression process of BCCV configuration (Specimen 3).

Figure 6.18 Compression process of BCC configuration (Specimen 5).

Figure 6.19 Compression process of BCCA configuration (Specimen 8).

Figure 6.20 Compression process of BCCG configuration (Specimen 11).
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Figure 6.21 Deformed shape using ANSYS Workbench (a) BCCV (b) BCC (c) BCCA
(d) BCCG.
6.3 Low-Velocity Impact Test.
This test was done using ASTM Standard D7136/D7136M-15 as discussed in
Chapter 5, Modeling. The total weight of the impactor was 2.436 kg and was dropped from
a height of 0.6215 m. The specimens were impacted at a level of 14.85 Joule. The total
number of the data were about 250-350 readings. MATLAB was used to post-process the
data and to perform the integrations. The data were transferred to an excel worksheet to
illustrate the comparison of the specimens. The load-displacement curve was obtained till
the point where the impactor just left the specimen when the velocity reached zero. The
data after the first bounce were not needed since the specimen was damaged after the first
impact. The following sections present the tests of each configuration.
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6.3.1 Experimental and FEA Results
In the following sections the histories of velocity, displacement, and force and
absorption energy are discussed. Velocity history means that the velocity is plotted with
impact time. The load-displacement curve is also discussed in the following sections.
Figure 6.22 shows the deformed shape of the FEA model. It shows the maximum
deformation when the velocity reaches zero. BCC configuration has the maximum
deformation among the others but BCCV has the lowest deformation.

Figure 6.22 The impacted FEA models at energy level of 14.85 J. (a) BCCV
configuration, (b) BCC configuration, (c) BCCA configuration and (d) BCCG
configuration.
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6.3.1.1 Velocity History
Figure 6.23 shows the velocity-time curve of three specimens of the BCCV
configuration. For the experimental test, the data of the acceleration were collected from
the acceleration sensor which is mounted to the impactor. The integration of the
acceleration data was done using MATLAB to get the velocity history. The velocity history
of the BCC configuration is shown in Figure 6.24. It shows less scatter than the BCCV
configuration because the impact period of the BCCV configuration was less than the BCC.
Figure 6.25 illustrates the velocity history of the BCCA configuration. The velocity history
of the BCCG configuration is shown in Figure 6.26. The data showed a good match for all
specimens for each configuration during the impact period. Small differences in the
velocity history among the specimens of the same configuration may be attributed to the
uncontrolled amount of the epoxy resin used to attach the Kevlar face sheet with lattice
cores. ABAQUS results appear to match reasonably well with the experimental velocity
history. It may be mentioned here that the velocity data were taken till the point where the
impactor just starts to move in the upward direction. After this point, some discrepancy in
the velocity history among samples of each configuration is observed maybe due the slight
differences in clamping force applied at the toggle clamp.
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Figure 6.23 Velocity history of low-velocity impact test for BCCV configuration
impacted at 14.85 Joule.

Figure 6.24 Velocity history of low-velocity impact test for BCC configuration
impacted at 14.85 Joule.
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Figure 6.25 Velocity history of low-velocity impact test for BCCA configuration
impacted at 14.85 Joule.

Figure 6.26 Velocity history of low-velocity impact test for BCCG configuration
impacted at 14.85 Joule.
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6.3.1.2 Displacement History
A second integration of the acceleration history in MATLAB provided a
displacement history. The calculated displacement was for the impactor and it should have
been the same as the deformation of the Kevlar and the ABS lattice core structure. The
maximum displacement was recorded at zero velocity. It was not accurate to calculate the
maximum displacement using the depth gauge measurement, Vernier scale, of the impacted
specimen due to the elastic behavior of the lattice core structure and the Kevlar face sheets.
Figures 6.27-6.30 show the displacement history of the BCCV, BCC, BCCA and BCCG
configurations, respectively. As expected, the BCC sandwich panel structure has a
maximum deformation of 9 mm and the BCCV has a lesser deformation of 6 mm. The
BCC and BCCA has approximately the same maximum deformation, as shown in the
graphs because they did have the same layers of the unit cells at the top. The maximum
deformation of both of them is about 8 mm which was 40% of the sandwich panel height.
The ABAQUS FEA predicted displacement history matches reasonably well with the
experimental data for all configurations except for BCCV.
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Figure 6.27 Displacement history of low-velocity impact test for BCCV configuration
impacted at 14.85 Joule.

Figure 6.28 Displacement history of low-velocity impact test for BCC configuration
impacted at 14.85 Joule.
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Figure 6.29 Displacement history of low-velocity impact test for BCCA configuration
impacted at 14.85 Joule.

Figure 6.30 Displacement history of low-velocity impact test for BCCG configuration
impacted at 14.85 Joule.

68

6.3.1.3 Force History
Force history was captured using four load cells mounted within the four legs of
the impact machine as was previously shown in Figure 4.11. MATLAB post-processed the
four data results of the load cells and combined them in one graph for each test.
Furthermore, an excel worksheet was used to put the data together and to present them for
comparison. Figure 6.31 shows the Force history of the BCCV specimen impacted at 14.85
J. The maximum load was about 7000 N. At this load, the plastic deformation and the
failure just started. The sensors are very sensitive to the loads, so the data show little
scatter. However, the load history from all three tests for each configuration are close to
each other, as seen in the graph. In the BCC configuration, the data appear to be less
scattered than in the BCCV configuration, as shown in Figure 6.32. Also, the BCCA
specimens have little more scatter than the BCC, but it has less scatter than the BCCV
specimens, as seen in Figure 6.33. The maximum load for the BCC specimens is about
2500 N. Both of BCCA and BCCG have the same maximum load of about 4500 N. The
force history of BCCG is shown in Figure 6.34. The load history obtained from ABAQUS
FEA did not match well with the experimental results that may be attributed to the limited
number of time increment chosen to save computation time.
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Figure 6.31 Force history of low-velocity impact test for BCCV configuration
impacted at 14.85 Joule.

Figure 6.32 Force history of low-velocity impact test for BCC configuration impacted
at 14.85 Joule.
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Figure 6.33 Force history of low-velocity impact test for BCCA configuration
impacted at 14.85 Joule.

Figure 6.34 Force history of low-velocity impact test for BCCG configuration
impacted at 14.85 Joule.
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6.3.1.4 Load-Displacement Curve
Since the displacement history and the load history were synchronized, a loaddisplacement curve could be created. This curve was used to find the energy absorption of
the structure. Figure 6.35 shows the load-displacement curve of the BCCV configuration
till the maximum deformation. It shows that the specimens could withstand a higher load
but less deformation. On the other hand, the BCC configuration had less force with high
deformation, as shown in Figure 6.36. The data of the BCCA and BCCG were very close
to each other. The load-displacement curves of the BCCA and BCCG are shown in Figures
6.37 and 6.38, respectively. ABAQUS results shows a reasonable approximation of the
response; however, further work (e.g. using a smaller time increment) needs to be done on
the model to get better approximation. The current time increment while using a mass scale
was 1E-7, and it took about 7-9 hours to solve the model.

Figure 6.35 Load-displacement curve of low-velocity impact test for BCCV
configuration.
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Figure 6.36 Load-displacement curve of low-velocity impact test for BCC
configuration.

Figure 6.37 Load-displacement curve of low-velocity impact test for BCCA
configuration.
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Figure 6.38 Load-displacement curve of low-velocity impact test for BCCG
configuration.
6.3.1.5 Absorption Energy History
Energy absorption was calculated using a MATLAB code by integrating the area
under the load-displacement curve. The absorption energy is plotted against the time during
the impact period. The results of total energy are compared between FEA and experimental
specimens for each configuration. Figure 6.39 shows the total energy history of the BCCV
configuration for both the experimental specimens and FEA (ABAQUS). The dashed line
shows the results from ABAQUS. The maximum absorbed energy is about 13.5 J. It is the
highest absorbed energy among all the specimens. The capacity of absorbed energy of this
structure is very good compared with an impacted energy level of 14.85 J. Also, the FEA
results and experimental specimens significantly follow a similar trend line. Figure 6.40
illustrates the total energy versus time of BCC configuration. The maximum absorbed
energy from FEA and the experiments are approximately 9.6 J and 10.5 J, respectively.
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The total energy absorption of the BCCA configuration is shown in Figure 6.41. The blue
dashed line represents the results from the FEA model. The maximum absorbed energy of
the experimental specimens is about 11.44 J and it is about 9.9 J from the FEA model. The
graph for the last configuration, which is BCCG, is shown in Figure 6.42. It shows the
maximum absorbed energy of 9.34 J for the FEA model and 10.72 J for the experimental
specimens. The BCC, BCCA and BCCG configurations do not show a good match between
FEA and experimental results. Again, this could be because of the large time increment
used for the FEA analysis. The time increment using mass scaling was 1E-7 and the
simulation took around 7 hrs.

Figure 6.39 Total energy vs. time curve of low-velocity impact test for BCCV
configuration.
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Figure 6.40 Total energy vs. time curve of low-velocity impact test for BCC
configuration.

Figure 6.41 Total energy vs. time curve of low-velocity impact test for BCCA
configuration.
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Figure 6.42 Total energy vs. time curve of low-velocity impact test for BCCG
configuration.
The impact period is also compared for all specimens and is shown in Figure 6.43.
The comparison is based on the total energy versus time. The blue lines are for the BCCV
specimens and they show the shortest impact period. Even though the BCCV has the
shortest impact period, it has the highest total energy absorption of 13.5 J. Also, this
configuration with all vertical bars has a maximum weight compared with others. However,
it doesn’t mean that the higher weight gives the higher total energy. The BCCA
configuration has less weight than the BCCG configuration. BCCA that has the alternative
vertical bars gives higher energy than the BCCG that has the gradient vertical bars. The
results of the total energy absorption along with supplied impact energy and SEA are listed
in Tables 6 and 7, respectively. A coefficient of restitution, which is the ratio of the
remained energy to bounce back and the absorbed energy, is also listed in Table 7. Figure
6.44 shows the bar chart of the total energy and SEA compared with impact energy. The
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total absorbed energy of the BCCV samples is close to the impact energy. The experimental
and ABAQUS obtained impact times are almost close to each other with a little variation.
This could be because of the algorithms used in the calculations in ABAQUS.

Figure 6.43 Comparison of total energies versus time for all specimens under lowvelocity impact test.
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Table 6 Comparison of the average indentations and the average total energies.

BCCV
3.9 g
BCC
3.0 g
BCCA
3.1 g
BCCG
3.4

Experimental
Indentation
(mm)
5.96
5.73
6.1
6.5
8.63
9.15
8.82
8.69
7.92
7.27
7.64
7.73
7.43
7.94
7.66
7.58

ABAQUS
Indentation
(mm)
7.20

8.87

7.34

7.04

Experimental
Total Energy
(J)
12.94
13.13 13.10
13.25
10.44
10.58 10.48
10.42
11.18
11.47 11.44
11.65
11.04
10.49 10.72
10.63

ABAQUS
Total
Energy (J)

Percent of
Variation

13.69

5%

9.53

9%

9.90

13%

9.34

13%

Table 7 summary for calculating SEA and coefficient of rest.
Weight (g)
BCCV
3.9 g
BCC
3.0 g
BCCA
3.1 g
BCCG
3.4

Impact
Energy (J)

Absorption
Energy (J)

20.9
21.1

Experimental
SEA (J/kg)
0.539

21.0

11.55

0.540

21.1

00.567

18.4

0.537

18.4

18.5

18.8

9.86

0.543

0.29

0.532

0.51

0.564

0.0.38

0.475

0.59

0.567
19.2

10.79

0.551

19.1

0574

19.6

0.459

19.6

0.549

0.514

14.85

19.0
19.4

Coefficient of
restitution

19.6

9.33

0.494

19.7

0.471
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Figure 6.44 Bar chart of comparison of total energy between FEA and experiment.
Figure 6.45 shows the bar chart with error bars for both absorption energy and SEA.
The orange color is for SEA and the blue ones is for absorption energy. The highest
absorption energy is captured for BCCV and the second highest is captured for BCCA. The
absorption energy of BCCV and BCCA are close to each other. However, if the mass is
considered, the highest SEA is captured for BCCA. To calculate absorption energy for
impact test, the stored energy should be subtracted from the total energy. Figure 6.46 shows
the stored energy, absorption energy and total energy in the energy history of specimen 1.
This is just for explaining the three types of energy which are the stored energy, absorption
energy and total energy.
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Figure 6.45 Bar chart of comparison between absorption energy and SEA for
experimental specimens.

Figure 6.46 Energy history of specimen 1 which shows the stored energy, absorption
energy and total energy.

81

CHAPTER 7: CONCLUSION
7.1 Summary
3D-printed polymer lattice structures were investigated under compression and
low-velocity impact tests. FEA and experimental methods were also carried out in this
research for comparison. The comparison between four configurations was done on the
differences in the absorption energy. Each configuration had three specimens to consider
uncertainty. The specimens were the BCC, BCCV, BCCA and BCCG. The differences in
design among these configurations were based on the vertical bar arrangements. However,
BCC configuration doesn’t have any vertical bars. SolidWorks was used to design the
specimens and a Stratasys uPrint 3D printer was used to fabricate them. The material
properties of the ABS were also obtained by performing a tensile and a compression test
to ensure the correct properties used in the FEA model.
The specimens were investigated under compression test using an INSTRON
universal testing machine and under a low-velocity impact test using an ASTM Standard
D7136. For the compression test, the Instron machine had a software which could convert
the data to an excel worksheet. Load-displacement curves were plotted using the excel
worksheet. Furthermore, the sandwich panel was designed and fabricated for impact tests.
Four ply Kevlar face sheets were fabricated and cured using hot press and then glued to the
lattice core structures.
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The impact machine had four load cells to capture the loads at the impact response. The
data were converted to the MATLAB code and plotted as load-displacement curve. To
calculate absorption energy, the area under the load-displacement curve was calculated.
The maximum specific energy absorption was observed for the BCCV configuration for
compression test. This configuration had all vertical bars connecting the BCC unit cell
nodes. However, it had the lowest penetration compared with others. Also, the FEA shows
that the BCCV had the highest value of absorbed energy and it had the closest results. In
the other hand, BCCA had the highest SEA for low-velocity impact test.
7.2 Conclusions
The results were observed and compared to conclude that the specimens with all
vertical bars (BCCV configuration) had the highest energy absorption capability. Also, it
was concluded that the energy absorption did not depend on the weight of the specimens.
In fact, it relied on the arrangements of the vertical bars. The second highest absorption
energy was captured for BCCA which has less mass than BCCG. Furthermore, BCCV can
be impacted by a higher energy because it had the lowest penetration. The ANSYS
workbench captured the load-displacement curve till the yield point. It followed a similar
trend line compared with experimental results. Similarly, ABAQUS had good impact
response compared with experimental results. It is concluded that the FEA models were
reliable to carry out impact and compression tests for future studies. However, the
boundary conditions of experimental tests can be improved to be the same for upper and
lower surfaces. The upper and lower surfaces were not identical in the experiment and the
FEA model could not take the exact boundary conditions so that the results were a little bit
off. For instance, the bottom nodes were constrained in the FEA model but they were not
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completely constrained in the experimental test. Lattice structures could be optimized
further to absorb more energy due to the flexibility of AM. The structural stiffness does
not always improve the energy absorption capability. This is because the elastic potential
energy is a function of the stiffness and the deflection. This leads to the conclusion that the
absorption energy depends on both the stiffness and the deflection all together.
7.3 Recommendations for Future Work
There are several recommendations for future work, but the most important ones
are discussed here. The specimens can be built in different orientations to investigate the
absorption energy behavior. The orientation means that the loading could be perpendicular
or parallel to the printing layers of the specimen. This differences make the failure of the
unit cells to occur in different locations and in different angles. Also, the stress
concentration will arise differently. Another important recommendation is that the impact
test can be carried out at different angles. The specimen can be rotated in different angles
to explore the behavior of unit cells rotated by certain degrees. This is because the reality
does not show the impact of one perfect angle.
It is also recommended that the impact machine can be modified to reduce the
friction of the sliding bars. It can be replaced with roller bars. In addition, the load cell can
be attached to the impactor assembly instead of four load cells located on the base. Also,
the machine can be modified to carry high impact energy for further studies. The boundary
condition can be modified so that it reduces the delamination of the Kevlar face sheets. For
compression test, the boundary condition can be investigated to obtain good correlation
between the experimental and FEA results.
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Moreover, quasi static loading test can be examined after impact test. This helps to
explore the energy absorption capability before and after the impact test. Using different
displacement control rates can be studied under quasi static loading for the same specimen
type. FEA models are not perfectly identical to the experimental specimens so other
software like LS-DYNA, HyperMesh and NASTRAN can be considered to model the test
conditions. Also, the face sheets can be built from different composite material with
different numbers of layers. Topology optimization design approach can be adopted for
further studies to construct an optimal structure which absorbs more energy.
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APPENDIX
Matlab Code
The following codes run the results of FEA model to calculate absorption energy
versus time. The results are displacement, load and time.

clc
clear all
close all
% Absorption Energy - BCCV Configuration
Disp_mm = [0,0.00003429,0.857827,1.71137,2.54811,3.35644,4.113,...
4.8086,5.4274,5.96389,6.37006,6.76208,7.01421,7.16547];
Disp_m = Disp_mm/1000; % Converts the mm to m
Load = [0,0,3.54396,714.0328,667.1015,1316.5429,2173.86285,2650.1287...
,3613.54284,3662.40245,4093.30889,4163.647,5152.4535,4757.48775];
A_E = cumtrapz(Disp_m, Load); % Absorption Energy (Area under the curve)
Time = [0,1.00E-08,2.50E-04,5.00E-04,7.50E-04,1.00E-03,1.25E-03,...
1.50E-03,1.75E-03,2.00E-03,2.25E-03,2.50E-03,2.75E-03,3.00E-03];
% Plot Absorption Energy vs time - BCCV
hold on
h = plot(Time,A_E,'bl','LineWidth',2);
xlabel('Time (sec)')
ylabel('Absorption Energy (Joule)','FontSize',14);
title('Absorption Energy vs Time of BCCV Configuration');
grid on;
A_E_max = max(A_E) % Maximum Absorption Energy
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clc
clear all
close all
% Absorption Energy - BCC Configuration
Disp_mm = [0,1.68057,3.2185,4.54248,5.66434,6.59225...
,7.32354,7.88539,8.32527,8.65347,8.84007];
Disp_m = Disp_mm/1000; % Converts units from mm to m
Load = [0,299.5284,732.152,1092.668,1555.304,1727.196,2039.92...
,2185.06,1736.664,1601.496,1601.496];
A_E = cumtrapz(Disp_m, Load); % Absorption Energy (Area under the curve)
Time = [0,5.00E-04,1.00E-03,1.50E-03,2.00E-03,2.50E-03...
,3.00E-03,3.50E-03,4.00E-03,4.50E-03,5.00E-03];
% Plot Absorption Energy vs time - BCC
hold on
h = plot(Time,A_E,'bl','LineWidth',2);
xlabel('Time (sec)')
ylabel('Absorption Energy (Joule)','FontSize',14);
title('Absorption Energy vs Time of BCC Configuration');
grid on;
A_E_max = max(A_E) % Maximum Absorption Energy

clc
clear all
close all
% Absorption Energy - BCCA Configuration
Disp_mm = [0,0.68555,1.366,2.03597,2.68797,3.3133,3.902,4.44991,...
4.9481,5.39588,5.7952,6.14917,6.72214,7.1115,...
7.23644,7.31439,7.34614];
Disp_m = Disp_mm/1000; % Converts units from mm to m
Load = [0,1.35,530.638,386.435,694,895.837,1240,1490,1360,2100,...
2140,3350,3050,3380,3550,3309.88,2983.66];
A_E = cumtrapz(Disp_m, Load); % Absorption Energy (Area under the curve)
Time = [0,2.0E-04,4.0E-04,6.0E-04,8.0E-04,1.0E-03,1.2E-03,1.4E-03...
,1.6E-03,1.8E-03,2.0E-03,2.2E-03,2.6E-03,...
3.0E-03,3.2E-03,3.4E-03,3.6E-03];
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% Plot Absorption Energy vs time - BCCA
hold on
h = plot(Time,A_E,'bl','LineWidth',2);
xlabel('Time (sec)')
ylabel('Absorption Energy (Joule)','FontSize',14);
title('Absorption Energy vs Time of BCCA Configuration');
grid on;
A_E_max = max(A_E) % Maximum Absorption Energy

clc
clear all
close all
% Absorption Energy - BCCG Configuration
Disp_mm = [0,1.70032,3.29766,4.65697,5.71462,6.47207,6.91718,7.04635];
Disp_m = Disp_mm/1000; % Converts units from mm to m
Load = [0,679.44,1.23E+03,1.21E+03,2.21E+03,2.98E+03,3.18E+03,3.52E+03];
A_E = cumtrapz(Disp_m, Load); % Absorption Energy (Area under the curve)
Time = [0,5.00E-04,1.00E-03,1.50E-03,2.00E-03,2.50E-03,3.00E-03,3.50E-03];
% Plot Absorption Energy vs time - BCCG
hold on
h = plot(Time,A_E,'bl','LineWidth',2);
xlabel('Time (sec)')
ylabel('Absorption Energy (Joule)','FontSize',14);
title('Absorption Energy vs Time of BCCG Configuration');
grid on;
A_E_max = max(A_E) % Maximum Absorption Energy

ABAQUS/Explicit Dynamics
The following pictures of BCC model show the screenshots of the ABAQUS
window. The pictures show the model assembly, the meshing size and boundary
conditions, respectively.
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ANSYS Workbench
The following pictures of BCC model show the screenshot of the ANSYS windows
which are the applied displacement, the fixed BC and the deformed shape, respectively.
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The following tables of BCC model were obtained from ANSYS report. The tables
show mesh properties, analysis and analysis settings, respectively.
MESH
Mesh
Object Name
State
Solved
Display
Display Style
Body Color
Defaults
Physics Preference
Mechanical
Relevance
0
Shape Checking
Standard Mechanical
Element Midside Nodes
Program Controlled
Sizing
Size Function
Proximity
Relevance Center
Fine
Initial Size Seed
Active Assembly
Smoothing
Medium
Transition
Fast
Span Angle Center
Medium
Num Cells Across Gap
2
Proximity Size Function Sources
Faces and Edges
Proximity Min Size Default (6.2023e-003 mm)
Max Face Size
1.0 mm
Max Tet Size
Default (1.24050 mm)
Growth Rate
Default (1.850 )
Automatic Mesh Based Defeaturing
On
Defeature Size Default (3.1012e-003 mm)
Minimum Edge Length
1.4111e-002 mm
Inflation
Use Automatic Inflation
None
Inflation Option
Smooth Transition
Transition Ratio
0.272
Maximum Layers
2
Growth Rate
1.2
Inflation Algorithm
Pre
View Advanced Options
No
Advanced
Number of CPUs for Parallel Part Meshing
Program Controlled
Straight Sided Elements
No
Number of Retries
0
Rigid Body Behavior Dimensionally Reduced
Mesh Morphing
Disabled
Triangle Surface Mesher
Program Controlled
Topology Checking
No
Pinch Tolerance Default (5.5821e-003 mm)
Generate Pinch on Refresh
No
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Statistics
Nodes
Elements
Mesh Metric

998237
602264
None

ANALYSIS
Static Structural (B5)

Object Name
State

Solved

Definition
Physics Type

Structural

Analysis Type

Static Structural

Solver Target

Mechanical APDL

Options
Environment Temperature

22. °C

Generate Input Only

No

ANALYSIS SETTINGS
Analysis Settings

Object Name
State

Fully Defined
Step Controls

Number Of Steps

1.

Current Step
Number

1.

Step End Time

1. s

Auto Time
Stepping

Program Controlled
Solver Controls

Solver Type

Program Controlled

Weak Springs

Off

Solver Pivot
Checking

Program Controlled

Large Deflection

Off

Inertia Relief

Off
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Restart Controls
Generate Restart
Points

Program Controlled

Retain Files After
Full Solve

No
Nonlinear Controls

Newton-Raphson
Option

Program Controlled

Force
Convergence

Program Controlled

Moment
Convergence

Program Controlled

Displacement
Convergence

Program Controlled

Rotation
Convergence

Program Controlled

Line Search

Program Controlled

Stabilization

Off
Output Controls

Stress

Yes

Strain

Yes

Nodal Forces

No

Contact
Miscellaneous

No

General
Miscellaneous

No

Store Results At

All Time Points
Analysis Data Management

Solver Files
Directory

C:\Users\Mohammed\Desktop\Lattice
structure\Compression test\ANSYS\Without VB\without
vb_files\dp0\SYS-2\MECH\

Future Analysis

None

Scratch Solver
Files Directory
Save MAPDL db

No

Delete Unneeded
Files

Yes

Nonlinear
Solution

Yes

102

Solver Units

Active System

Solver Unit
System

nmm

Material properties of ABS material
ABS > Constants
Density

7.92e-007 kg mm^-3

ABS > Isotropic Elasticity
Temperature
C

Young's
Modulus MPa

22

861.59

Poisson's
Ratio

Bulk
Modulus MPa

0.35

Shear
Modulus MPa

957.32

319.11

ABS > Tensile Yield Strength
Tensile Yield Strength MPa
21.46
ABS > Compressive Ultimate Strength
Compressive Ultimate Strength MPa
30.5
ABS > Bilinear Isotropic Hardening
Yield Strength MPa

Tangent Modulus MPa

Temperature C

30

9.327

22
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